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Cotranscriptional Recruitment of RNA Exosome Cofactors
Rrp47p and Mpp6p and Two Distinct Trf-Air-Mtr4
Polyadenylation (TRAMP) Complexes Assists the Exonuclease
Rrp6p in the Targeting and Degradation of an Aberrant
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contribute to the elimination process.
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(Bacl(ground: Aberrant mRNPs are targeted and degraded by an Rrp6p-dependent nuclear quality control system.
Results: The exosome cofactors Rrp47p, Mpp6p, and two TRAMP complexes are cotranscriptionally recruited like Rrp6p and

Conclusion: The exosome cofactors assist Rrp6p in the targeting of aberrant mRNPs.
Significance: We provide an integrated view of how cofactors of the RNA degradation machinery cooperate to target aberrant
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The cotranscriptional mRNA processing and packaging reac-
tions that lead to the formation of export-competent messenger
ribonucleoprotein particles (nRNPs) are under the surveillance
of quality control steps. Aberrant mRNPs resulting from faulty
events are retained in the nucleus with ensuing elimination of
their mRNA component. The molecular mechanisms by which
the surveillance system recognizes defective mRNPs and stimu-
lates their destruction by the RNA degradation machinery are
still not completely elucidated. Using an experimental approach
in which mRNP formation in yeast is disturbed by the action of
the bacterial Rho helicase, we have shown previously that the
targeting of Rho-induced aberrant mRNPs is mediated by
Rrp6p, which is recruited cotranscriptionally in association with
Nrd1p following Rho action. Here we investigated the specific
involvement in this quality control process of different cofactors
associated with the nuclear RNA degradation machinery. We
show that, in addition to the main hydrolytic action of the exo-
nuclease Rrp6p, the cofactors Rrp47p, Mpp6p as well as the Trf-
Air-Mtr4 polyadenylation (TRAMP) components Trf4p, Trf5p,
and Air2p contribute significantly by stimulating the degrada-
tion process upon their cotranscriptional recruitment. Trfdp
and Trf5p are apparently recruited in two distinct TRAMP com-
plexes that both contain Air2p as component. Surprisingly,
Rrp47p appears to play an important role in mutual protein sta-
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bilization with Rrp6p, which highlights a close association
between the two partners. Together, our results provide an inte-
grated view of how different cofactors of the RNA degradation
machinery cooperate to target and eliminate aberrant mRNPs.

The expression of protein coding genes in eukaryotic cells is
a multistep process in which the genetic message is transcribed
from DNA into a pre-mRNA molecule that undergoes numer-
ous modifications such as 5" end capping, splicing, 3" end cleav-
age, and polyadenylation while being assembled into a messen-
ger ribonucleoprotein particle (mRNP)* that will be exported to
the cytoplasm for translation (1, 2). These events, coupled to
transcript elongation by RNA polymerase II, are error-prone,
and, thus, the cells have developed surveillance mechanisms
that detect malformed mRNPs resulting from inappropriate or
inefficient processing and packaging reactions. Aberrant
mRNPs that fail to pass the quality control steps are retained in
the nucleus with ensuing degradation of their mRNA compo-
nent by ribonuclease activities associated with the RNA exo-
some (3-7).

Most studies regarding nuclear mRNP surveillance have
relied on the use of Saccharomyces cerevisiae mutant strains
with defects in the THO-Sub2p complex, which mediates
mRNP assembly and export of a subset of transcripts. It has
been shown that deletion or mutation of any component of the
complex leads to a large reduction in the steady-state level of
some THO-Sub2p-dependent transcripts, with the heat shock-
inducible HSP104 mRNA as the prominent example. The level
of these transcripts can be recovered when the RNA degrada-

“The abbreviations used are: mRNP, messenger ribonucleoprotein particle;
TRAMP, Trf-Air-Mtr4 polyadenylation complex; Doxy, doxycycline; qPCR,
quantitative PCR; TAP, tandem affinity purification.
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tion machinery is compromised by removal or inactivation of
some components of the RNA exosome (8-12). The precise
nature of the defects inflicted to the mRNPs in this particular
system and how they are detected by the quality control appa-
ratus and directed to the RNA degradation machinery is still
not completely delineated.

The RNA exosome is a highly conserved multisubunit com-
plex that plays a central role in whole cellular RNA metabolism,
including processing, maturation, and surveillance of non-cod-
ing RNAs (such as rRNA, tRNA, snRNA, small nucleolar RNA,
and cryptic unstable transcripts) as well as surveillance and
turnover of protein-coding mRNAs. A special feature of the
RNA exosome is that it requires several cofactors to promote its
catalytic activity and determine its cellular localization (13, 14).
In yeast, a ring-shaped core complex formed by nine subunits is
associated with two additional subunits, Rrp6p and Dis3p
(Rrp44p), which provide the RNA degradation activities of the
exosome. Rrp6p is confined in the nucleus and possesses a
3'-to-5' exonuclease activity, whereas Dis3p is associated with
both the nuclear and the cytoplasmic forms of the exosome and
displays both endonuclease and 3’-to-5" exonuclease activities
(15-17). So far, it is still unclear whether the two ribonucleases
always require the core exosome scaffold to perform their func-
tions in the cell or whether they can carry out hydrolytic activ-
ities independently or within other protein complexes, depend-
ing on the functional tasks. However, several reports suggest
that at least Rrp6p appears to possess some functional activities
that are distinct from those performed by the exosome in the
cell (18 -20).

Two additional exosome cofactors restricted to the nucleus
(Rrp47p and Mpp6p) were identified as components of Rrp6p-
containing exosome complexes (21-23). The two cofactors
seem to have distinct RNA-binding preferences, suggesting
that their role could be to direct the exosome complex to spe-
cific RNA substrates. The catalytic functions of the exosome are
also stimulated by another cofactor, named the TRAMP com-
plex, which is formed by one of two non-conventional poly(A)
polymerases Trfdp or Trf5p, one of two homologous RNA-
binding proteins Airlp or Air2p, and the RNA helicase Mtr4p.
The TRAMP complex has been shown to participate in the
nuclear quality control of several types of RNAs (24 —26). How-
ever, the mechanisms by which it stimulates the RNA degrada-
tion activity of the exosome and/or promotes the targeting of
specific RNA substrates remain poorly understood.

Recently, we reported the implementation of a new assay to
study nuclear mRNP surveillance in S. cerevisiae based on per-
turbation of mRNP biogenesis by the RNA-dependent helicase/
translocase activity of the bacterial Rho factor. In this model
system, the heterologous expression of Rho in the yeast nucleus
induces the production of full-length but aberrant mRNPs that
are targeted and eliminated by the Rrp6p-dependent RNA deg-
radation machinery, leading to a growth defect phenotype (27).
We have shown previously that the recognition and removal of
Rho-induced aberrant mRNPs is mediated by a large increase in
cotranscriptional recruitment of the RNA-binding protein
Nrdlp, with a concomitant association of the exonuclease
Rrp6p along the transcription unit (28).
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In this work, we asked the question whether, following its
cotranscriptional recruitment in association with Nrdlp,
Rrp6p proceeds independently to degrade the Rho-induced
aberrant mRNPs or whether it acts in concert with the other
exosome cofactors to accomplish this task. Therefore, we con-
ducted a systematic analysis to evaluate the individual contri-
bution of each exosome cofactor and TRAMP component in
the degradation process as well as their potential cotranscrip-
tional recruitment with Rrp6p along the transcription unit. By
focusing on the PMAL1 transcript, which is highly affected by
Rho activity (27, 28), we show that, in addition to the main
catalytic action of Rrp6p, the cofactors Rrp47p, Mpp6p as well
as the TRAMP components Trfdp, Trf5p, and Air2p contribute
significantly by stimulating the degradation process upon their
cotranscriptional recruitment. Surprisingly, Rrp47p appears to
intervene primarily by stabilizing Rrp6p, which is consistent
with the reported close association between the two proteins
(22).

EXPERIMENTAL PROCEDURES

Yeast Strains and Plasmids—MPP6 genomic deletion was
generated by one-step gene replacement (29) after PCR ampli-
fication on plasmid pFA6a-kanMX4 with MPP6 primers. The
other deletion strains were generated by crossing the appropri-
ate BY4741 MATa genomic deletion strain (Euroscarf) with
BMA41 MATa (30) and selection for the Kan® progeny after
sporulation. All gene disruptions were confirmed by PCR anal-
yses. A PCR-based one-step tagging technique was used to cre-
ate strains expressing the various C-terminally tagged proteins
with appropriate cassette plasmids and oligonucleotides (31,
32). For the RRP6-TAP strain, the PCR amplification was
performed on template genomic DNA from the strain
RRP6-TAP::URA obtained from Euroscarf (strain Sc1480). The
strains were eventually screened by PCR and immunoblotting.
To construct the RRP6-Y361A strain, the PCR amplicon made
on genomic DNA from strain RRP6-MYC (with the forward
primer harboring the mutated codon) was used to transform
BMAA41 cells. The selected transformants were analyzed by
PCR amplification and sequencing of the PCR products to con-
firm the presence of the mutated codon, and then immunoblot-
ting was used to verify the presence of the tag. The strain MPP6-
TAP in the rrp47A background was constructed in two steps.
First, the kanamycin marker in the MPP6-TAP strain was
replaced by a HIS3 marker by PCR amplification using the plas-
mid pYM19 (31). The genomic DNA from the created strain
(Mpp6-TAP::HIS) was used as template to make an amplicon
that was used to transform the rrp47A strain.

The pRrp6 plasmid derived from pAG425GPD (Addgene)
was generated by Gateway cloning (Invitrogen) of PCR prod-
ucts made on genomic DNA from BMA41. To create the plas-
mid pY361A, two amplicons made on pRrp6 with two pairs of
primers were used as templates in overlapping PCR reactions.
Sequencing and immunoblotting were used to confirm the
integrity of both expression plasmids. Plasmids expressing Rho
under the control of the TetO, promoter, pCM185-Rho-NLS
and pCM189-Rho-NLS, derived from pCM185 and pCM189
(Euroscarf), respectively, were described previously (27, 28).
Tables containing the lists of yeast strains, plasmids, and oligo-
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nucleotide primers used in this study can be obtained upon
request.

Cell Growth and Rho Induction—S. cerevisiae cells were
grown according to standard procedures at 25 °C in synthetic
complete medium with bases and amino acids omitted as nec-
essary for selection and with glucose (2%) as a carbon source.
The cell growth was monitored by measuring the optical den-
sity at 600 nm. The expression of Rho was repressed by growing
the cells in the presence of doxycycline (Doxy) at a final con-
centration of 1 ug/ml, whereas the omission of the antibiotic in
the growth medium allowed maximum expression. To induce
Rho, the cells harboring the expression plasmid were first pre-
grown with 0.5 pug/ml of Doxy (moderate expression) for 7 h.
The cells were then washed extensively (three to four times)
with medium lacking Doxy, diluted, and allowed to grow over-
night in the selective medium lacking Doxy to achieve maxi-
mum Rho expression. After the overnight growth (14-16 h),
the Rho-induced cells were typically at an optical density of
0.25- 0.3, whereas the non-induced cells were at an optical den-
sity of around 0.8. To analyze the samples, the non-induced
cultures were diluted with fresh medium to adjust the optical
density to the induced cultures before harvesting the cells (pro-
tein and RNA extractions) or cross-linking (ChIP).

RNA Isolation and Northern Blotting—Yeast cells were
grown with or without Rho induction, and total RNAs were
extracted by the hot phenol method (33) and quantified with a
Nanodrop spectrophotometer. Northern blot analysis and
hybridization were done as described (27). Briefly, 12 ug of
RNA was fractionated on a 1.2% agarose-formaldehyde-MOPS
gel, transferred onto a Nylon membrane by capillary blotting in
10X SSC for 12—15 h, and then the RNA was cross-linked to the
membrane with a UV cross-linker. RNAs were detected by
hybridization with a 5" end-labeled probe. Hybridization sig-
nals were quantified with a Storm 860 Phosphorlmager
(Molecular Dynamics), and the data were processed with
ImageQuant software version 2005.

RT-PCR and RT-gPCR—RNAs were treated by DNase using
an RTS DNase™ kit (Mo Bio Laboratories, Inc.) according to
the instructions of the manufacturer. One microgram of total
RNA was used in a Superscript II RT reaction (Invitrogen) with
the two gene-specific oligonucleotides in the same 25-ul reac-
tion mixture (18 S and PMA1). The cDNA (1 ul) was PCR-
amplified with specific oligonucleotides. To achieve linear
range amplification, 20 cycles (PMA1 and 18 S ¢cDNA) or 21
cycles (RRP6 and RRP47) were applied. The PCR products were
analyzed by agarose gel electrophoresis. For real-time PCR
quantifications, 2 ul of 100- to 1000-fold diluted cDNA was
amplified in a Roche LightCycler 480 with the Maxima SYBR
Green qPCR Master Mix detection kit from Fermentas as rec-
ommended by the supplier. The qPCR data sets were analyzed
using the AACt method, and the results were normalized to 18
S rRNA RT-qPCR amplification, which was used as internal
control. The level of PMA1 mRNA for each sample was
expressed relative to the PMA1 mRNA abundance in wild-type
BMAA41 cells and in the absence of Rho, which was set as 1.
Amplifications were done in duplicate for each sample, and
three independent RNA extractions were analyzed.
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Western Blotting—Total proteins in whole-cell extracts were
obtained as described (34), resolved on SDS-10% polyacryl-
amide electrophoresis gels, and analyzed by Western blotting
according to standard procedures. The Rho protein was
detected with rabbit anti-Rho antibodies (a custom preparation
from Eurogentec). Rrp6p, Rrp47p, and Tfslp proteins were
detected with specific polyclonal antibodies (provided by T. H.
Jensen, P. Mitchell, and H. Benedetti, respectively). Tagged
proteins were detected with anti-myc-HRP (Santa Cruz Bio-
technology) or anti-HA (Invitrogen) antibodies or with perox-
idase-anti-peroxidase (Sigma) for the detection of protein A.
Secondary antibodies (goat anti-rabbit-HRP IgG, Promega)
were used whenever necessary. Visualization on x-ray films was
performed following enhanced chemiluminescence (Pierce
ECL Western blotting substrate).

ChIP—Strains harboring appropriate C-terminal-tagged
proteins and the “no tag” control strain (BMA41) were grown in
selective media with Doxy (1 ug/ml final concentration) or
without Doxy as described above. Preparations of chromatin
were performed essentially as described (35). Forty milliliters of
grown cells were fixed with 1% formaldehyde for 20 min. After
glycine addition to stop the reaction, the cells were washed and
lysed with glass beads to isolate chromatin. The cross-linked
chromatin was sheared by sonication to reduce average frag-
ment size to ~500 bp. Chromatin fractions of 400 ul were taken
for each immunoprecipitation reaction made with 40 ul of IgG-
Sepharose (GE Healthcare), protein G-Plus-agarose premixed
with anti-Myc antibodies (sc-40 X, Santa Cruz Biotechnology),
or protein G-Plus-agarose premixed with anti-RNA polymer-
ase II antibodies (8WG16, Covance). After overnight incuba-
tion at 4 °C, the beads were washed extensively, and the chro-
matin was eluted. Eluted supernatants (output) and the input
controls were hydrolyzed with Pronase (0.8 mg/ml final con-
centration, Sigma) for 2 h at 42 °C, followed by 5 h incubation at
65°C to reverse cross-linked DNA complexes. DNA was
extracted using the Qiagen PCR cleanup columns. The immu-
noprecipitated DNAs (output) were quantitated by real-time
PCR (LightCycler 480, Roche, with the products and instruc-
tions recommended by the supplier) using six sets (Fig. 1) or
three sets (in the other figures) of primers located along the
PMA1I gene and normalized to a 1:200 dilution of input DNA.
Amplifications were done in duplicate for each sample, and
averages and S.D. were calculated on the basis of three inde-
pendent experiments.

RESULTS

The Removal of Rho-induced Aberrant mRNPs Requires the
Catalytic Activity of the Recruited Rrp6p—Recently, we imple-
mented a Rho-based approach to study mRNP quality control
in yeast. In this experimental system, sufficient amounts of
defective mRNPs can be produced by Rho action within the cell
nucleus to serve as substrates for the quality control process.
Rho protein is directed to the nucleus by the fusion of a nuclear
localization signal at its C terminus (27). Apparently, Rho
action along nascent transcripts interferes with normal deposi-
tion of mRNA processing and packaging factors, yielding
mRNPs that are recognized as defective and eliminated by the
nuclear quality control apparatus. This Rho effect on mRNP
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FIGURE 1. Rho action interferes in the normal cotranscriptional deposi-
tion of the mRNA packaging factor Mft1p. A, quantification of the fold
enrichment for PMAT DNA in immunoprecipitates from cells harboring Myc-
tagged THO subunit Mft1p and grown under repressing (—Rho) or inducing
(+Rho) conditions. Immunoprecipitated samples (output) were normalized
to input following quantification by real-time PCR. The average of three inde-
pendent experiments is shown, with error bars representing S.D. The top
panel illustrates the positions of the six sets of oligonucleotides (5’ end, mid-
dle,and 3’ end regions of the ORF (28) as well as the 5" UTRand 3’ UTR regions
(48)) that were used in the qPCR quantifications. Arrows indicate the positions
of transcription start site and poly(A) sites. B, quantification by ChIP of RNA
polymerase Il distribution along the PMAT gene in the absence and presence
of Rho using specific antibodies 8WG16. The analyses were performed asin A.
C, Western blot analyses of whole protein extracts isolated from wild-type
cells (no Tag) or cells harboring Myc-tagged Mft1p and grown under Rho-
inducing or repressing conditions. The extracts were fractionated by SDS-
PAGE, transferred onto a membrane, and then the detections were per-
formed with anti-Myc antibodies (a-Myc) and specific polyclonal anti-Rho
antibodies (a-Rho). As a loading control, the yeast protein Tfs1p, whose func-
tion is unrelated to RNA metabolism, was also detected by specific antibodies
(a-Tfs1p).

protein composition is exemplified by the displacement of the
THO subunit Mft1p along the PMA1 gene, as revealed by ChIP
experiments shown in Fig. 1A. A systematic analysis of the
effect of Rho on the deposition of numerous mRNA processing
and packaging factors will be described elsewhere.” The Rho-
induced loss of Mft1p enrichment along the PMA 1 gene did not
result from a transcriptional defect that would cause premature
transcription termination, as revealed by ChIP analyses of RNA
polymerase II distribution in the presence and absence of Rho
(Fig. 1B). Also, protein measurements shown in Fig. 1C ruled

® . Stuparevic, C. Mosrin-Huaman, N. Hervouet-Coste, M. Remenaric, and A.
Rachid Rahmouni, manuscript in preparation.
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out the possibility of an indirect effect in which Rho would
decrease the cellular level of Mft1p.

As shown in Fig. 24, the growth of yeast cells expressing the
bacterial Rho factor under the control of a doxycycline-regu-
lated TetO,, promoter within a centromeric plasmid is severely
reduced under inducing conditions (—Doxy). The Rho-in-
duced growth defect phenotype is associated with a large drop
(around 70% reduction) in the steady-state level of the model
transcript PMA1, as shown by Northern blot analysis and RT-
PCR quantifications in Fig. 2, B and C. Previous mRNA 3’ end
mapping analyses have shown that Rho helicase/translocase
action leads to the production of transcripts having normal
lengths and poly(A) tails but that are recognized as aberrant and
eliminated by the Rrp6p-mediated nuclear mRNA quality con-
trol system (27). Indeed, the absence of Rrp6p in the rrp6A
strain relieves the Rho-induced growth defect and restores the
PMA1 mRNA to a nearly normal level (Fig. 2). A similar sup-
pression of Rho-induced growth defects and rescue of PMA1
mRNA is observed in the strain rrp6-Y361A, which harbors a
catalytically inactive version of Rrp6p as the sole source of the
protein expressed from its chromosomal locus. The Y361A
mutation is within the catalytic site of the exonuclease, which
leads to its inactivation iz vitro and in vivo (8, 36). Thus, the
exonuclease function of Rrp6p appears to be the essential
hydrolytic activity for the degradation of Rho-induced defective
mRNPs. This conclusion was substantiated by applying a com-
petition approach in which the action of endogenous wild-type
Rrp6p was challenged by the catalytically dead variant Rrp6p-
Y361A overproduced from a 2u plasmid. This was seen by the
relief of growth defects and restoration of PMA1 mRNA in the
wild-type strain when Rrp6p-Y361A was overexpressed from
the plasmid. As controls, the overexpression of the active form
of Rrp6p did not relieve the Rho-induced defects in the wild-
type strain and, as expected, renders the strains r7p6A or rrp6-
Y361A sensitive to Rho action with the accompanying drop in
the level of PMA1 mRNA (results not shown).

The involvement of Rrp6p in the targeting and elimination of
Rho-induced aberrant mRNPs was also revealed by ChIP exper-
iments where Rho action brought about cotranscriptional
recruitment of Rrp6p in association with a large increase in
Nrd1p enrichment along the PMA I gene (28). To verify that the
absence of the Rho effect in the strain rrp6-Y361A is linked to
the lack of catalytic activity of the mutant protein rather than a
deficiency in its recruitment, we conducted parallel ChIP anal-
yses using wild-type and mutant strains harboring Myc-tagged
versions of the Rrp6p variants expressed from the chromo-
somal locus under the control of the endogenous promoter.
The results show clearly that Rho action triggers cotranscrip-
tional recruitment of the inactive exonuclease Rrp6p-Y631A
over the whole PMAI gene to a similar extent than for the
wild-type Rrp6p (Fig. 2D). Because the Rho-dependent disap-
pearance of the PMA1 mRNA is fully alleviated in the mutant
strain, this indicates that the elimination of the defective
mRNPs cannot proceed if the recruited Rrp6p is catalytically
inactive.

Dis3p Plays Only a Minor Role in the Degradation of Rho-
induced Aberrant mRNPs—To show further that the exonu-
clease function of Rrp6p is the main degradation activity
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FIGURE 2. The catalytic activity of the recruited Rrp6p is required for the removal of Rho-induced aberrant mRNPs. A, the conditional expression of Rho
in yeast induces a growth defect phenotype. The rrp6A mutant, the corresponding wild-type isogenic BMA41 strain (RRP6), and a strain that harbors a
catalytically inactive version of Rrp6p (rrp6-Y361A) were transformed with the Rho expression plasmid (pCM185-Rho-NLS). 10-fold serial dilutions of the
transformants grown selectively in liquid medium with 1 ug/ml Doxy (non-induced conditions) were spotted on Rho-repressing (+Doxy) or Rho-inducing
(—Doxy) plates. The plates were photographed after 3 days at 25 °C. B, Northern blot analyses of total RNAs extracted from cultures of cells transformed with
the Rho expression plasmid and grown with Doxy at a concentration of 1 nug/ml (—Rho) or without Doxy (+Rho). Samples of total RNAs (12 ng) were
fractionated on agarose gel, transferred to a membrane, and then the steady-state levels of PMA1 were detected using a 5’ end-labeled probe. Ethidium
bromide staining of the gel before membrane transfer was performed to visualize the 18 S rRNA as a loading control. C, agarose gel showing semiquantitative
RT-PCR analysis performed on total RNAs (1 ng) using specific primers to PMA1T mRNA and 18 S rRNA designed to give PCR products with different sizes. The
histogram shows the level of PMAT mRNA relative to 18 S rRNA as determined by quantitative RT-PCR and by setting the value of PMA1 signal to 1 for the
wild-type BMA41 strain in the absence of Rho expression. The average of three independent experiments is shown, with error bars representing S.D. D,
quantification of the fold enrichment for PMA1 DNA in immunoprecipitates from cells harboring Myc-tagged Rrp6p variants or Rrp6p without a tag (no Tag)
and grown under repressing (—Rho) or inducing (+Rho) conditions. Immunoprecipitated samples (output) were normalized to input following quantification
by real-time PCR of three regions of the PMA1 gene (5’, middle, and 3’ regions) as represented schematically. The average of three independent experiments
is shown, with error bars representing S.D.

required for the elimination of the aberrant mRNPs, we tested
the possible involvement of the other exosome-associated fac-
tor having hydrolytic activity, Dis3p. The Rho expression sys-
tem was introduced into two mutant strains having single
mutations in Dis3p that abolish either the exonuclease (exo™,
dis3-DS5IN allele) or the endonuclease (endo ™, dis3-DI17IN
allele) activities of the exosome cofactor (15, 16). Growth tests
conducted in parallel with the isogenic wild-type strain show
clearly that the Dis3p mutations did not relieve the growth
defect induced by Rho action (Fig. 34). RT-PCR quantifications
of the PMA1 mRNA are consistent with the growth results
because both the exo and the endo mutations were unable to
significantly rescue the transcript under Rho-inducing condi-
tions, although a slight recovery (about 10% increase relative to
the wild-type) is observed when the endonuclease activity of
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Dis3p is abolished (Fig. 3B). Hence, the catalytic activities of
Dis3p are obviously not the main hydrolytic function involved
in the elimination of Rho-induced aberrant mRNPs.

We next tested the potential Rho-dependent, cotranscrip-
tional recruitment of Dis3p using a yeast strain harboring the
protein A-tagged version of the cofactor. Surprisingly, moder-
ate ChIP signals of Dis3p were detected along the PMAI gene.
However, the intensity of the signals was similar in the absence
or the presence of Rho, indicating that the enrichment is inde-
pendent of Rho action (Fig. 3C). These results contrast with the
profiles obtained with TAP-tagged Rrp6p, which was run in
parallel as positive control. Because Dis3p is known to be ubiq-
uitously associated with the core exosome (13, 14, 37), we
examined the recruitment of two core exosomal subunits
(Rrp4p and Rrp41p) tagged with a TAP epitope at the C termi-
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ination of Rho-induced aberrant mRNPs. A, the strains with mutations in
Dis3p that abrogate either exonuclease (exo-) or endonuclease (endo-) activ-
ities of the exosome cofactor as well as the isogenic wild-type strain were
transformed with the plasmid expressing Rho (pCM185-Rho-NLS). Strains
grown selectively under repressing conditions were spotted on agar plates
for growth under inducing or repressing conditions along with the control
strain (rrp6A) as described in Fig. 2A. B, agarose gel showing semiquantitative
RT-PCR analysis of the steady-state level of PMAT mRNA. Real-time RT-PCR
measurements were conducted to calculate PMA1 abundance, which is rela-
tive to the level in wild-type BMA41 strain in the absence of Rho expression as
described in Fig. 2C. C, quantification of the fold enrichment for PMAT DNA
(5', middle, and 3’ regions) in immunoprecipitates from cells harboring TAP-
tagged core exosome subunits (Rrp4p and Rrp41p) or exosome cofactors
(Rrp6p and Dis3p) or cells having no tag (no Tag) as a control and grown under
repressing (—Rho) or inducing (+Rho) conditions. Immunoprecipitated sam-

NOVEMBER 1, 2013 +VOLUME 288+-NUMBER 44

Cotranscriptional Targeting of Aberrant mRNPs

nus. Again, modest ChIP signals above the background were
detected along the PMA I gene for the two core exosome sub-
units, but no Rho-dependent enhancement of the recruitment
could be observed (Fig. 3C). Protein measurements indicated
that, as for Rrp6p, the levels of Dis3p, Rrp4p and Rrp41p were
not affected by Rho expression (Fig. 3D). Thus, these results
suggest that Dis3p and the core exosome may reside within the
chromatin but that they are not specifically recruited to target
the Rho-induced defective mRNPs. However, their possible
participation as part of a basal surveillance mechanism cannot
be excluded (see “Discussion”).

The Removal of Rho-induced Aberrant mRNPs Requires
Rrp47p and Mpp6p, Which Are Cotranscriptionally Recruited
Like Rrp6p—The Rrp47p and Mpp6p cofactors have been
shown to promote the catalytic activity of Rrp6p-containing
exosome complexes, and it has been suggested that their RNA-
binding ability may help to direct the exosome complex to spe-
cific RNA substrates (21-23). To address whether the two
cofactors contribute to the targeting and elimination of Rho-
induced aberrant mRNPs, we generated deletion mutants
(rrp47A and mpp6A) and evaluated their sensitivity to Rho
action. The absence of either Rrp47p or Mpp6p in these mutant
strains fully suppressed the Rho-induced growth defect and
restored the PMA1 mRNA to nearly normal level (Figs. 4, A-C).
The extent by which the absence of either cofactor alleviates the
Rho effects indicates that they both play an essential role in the
Rrp6p-mediated targeting and/or degradation of the defective
mRNPs. The reported close association of the two cofactors
with Rrp6p prompted us to assess their potential Rho-depen-
dent cotranscriptional recruitment, as observed for Rrp6p.
ChIP analyses using yeast strains harboring at their chromo-
somal locations Myc-tagged or TAP-tagged versions of Rrp47p
and Mpp6p, respectively, revealed that Rho action leads to a
stimulation of the recruitment of both proteins along the PMA 1
gene (Fig. 4D). The Rho-induced enrichment did not result
from an increase in the cellular levels of the two proteins, as
indicated by the Western blot measurements shown in Fig. 4E.
Interestingly, the Rho-induced recruitment of TAP-tagged
Mpp6p was suppressed in the r7p47A background, suggesting
that the two cofactors are involved in a common functional
pathway, presumably with Rrp6p (see below).

Previous studies have shown that the cellular level of Rrp47p
can be affected in strains lacking Rrp6p or bearing N-terminal
deletions of Rrp6p. This was ascribed to a close physical inter-
action found in vitro between Rrp47p and the N-terminal part
of Rrp6p, which may stabilize the Rrp47p protein (22, 38, 39).
Indeed, a Western blot analysis using specific anti-Rrp47p anti-
bodies (Fig. 5A4) confirms these previous observations by reveal-
ing an even more drastic effect of Rrp6p depletion on the accu-
mulation of Rrp47p, with a complete disappearance of the
protein in the rrp6A strain. Quantification of the RRP47 mRNA
by RT-PCR (Fig. 5B) indicated that the disappearance of

ples (output) were normalized to input as in Fig. 2D. D, Western blot analyses
of whole protein extracts isolated from wild-type cells (no Tag) or cells har-
boring TAP-tagged versions of the proteins analyzed by ChIP in C and grown
under Rho-inducing or Rho-repressing conditions. The detection of the
tagged proteins was performed using peroxidase-anti-peroxidase (PAP),
whereas the detection of Rho and Tfs1p was made as in Fig. 1C.
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FIGURE 4. The exosome cofactors Rrp47p and Mpp6p contribute to the targeting and elimination of Rho-induced aberrant mRNPs upon cotranscrip-
tional recruitment. A, the wild-type strain and single deletion mutants rrp47A and mpp6A were transformed with the plasmid expressing Rho. Strains grown
selectively under repressing conditions were spotted for growth as described in Fig. 2A. B, Northern blot analysis was made as in Fig. 2B. C, semiquantitative
RT-PCR analysis and RT-qPCR quantifications to measure the level of PMAT mRNA were done as in Fig. 2C. D, quantification of the fold enrichment for PMA1
DNA (5’, middle,and 3’ regions) inimmunoprecipitates from cells harboring Myc-tagged Rrp47p or TAP-tagged Mpp6p. Immunoprecipitated samples (output)
were normalized to input as in Fig. 2D. E, Western blot analysis of whole protein extracts isolated from cells harboring Myc-tagged Rrp47p or TAP-tagged

Mpp6p was conducted as in Fig. 1C.

Rrp47p in the rrp6A strain results from a down-regulation at
the protein level. This stronger effect observed in our experi-
ments could be explained by the fact that Rrp47p is not tagged
as compared with the previous study, where the protein was
fused to a protein A tag at its C terminus, which probably
increases its stability (22).

To find out whether a similar impact on the accumulation of
Rrp6p could be observed in the rrp47A or mpp6A backgrounds,
we measured its level in the deletion strains using specific anti-
Rrp6p antibodies. Surprisingly, the analyses revealed that, in
the absence of Rrp47p, the level of Rrp6p dropped by more than
90%, whereas the removal of Mpp6p did not have any effect on
the accumulation of Rrp6p (Fig. 54). RT-PCR quantifications of
the steady-state level of RRP6 mRNA indicate that the drop
in the protein amount does not result from a down-regulation
at the transcriptional level or a more rapid mRNA decay
because the RRP6 mRNA accumulation is even higher in the
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rrp47A strain as compared with the wild-type strain (Fig. 5B).
These results, along with previous findings (22), indicate that,
by interacting, Rrp6p and Rrp47p protect each other from deg-
radation. As shown in Fig. 5C, the protection of Rrp47p from
degradation is also provided by the catalytically inactive version
of Rrp6p (rrp6-Y361A allele). Remarkably, these data extend
our ChIP results described above by suggesting that Rrp47p is
presumably recruited within the same complex than Rrp6p fol-
lowing Rho action. However, the catalytic function of Rrp6p
within the complex is required for the elimination of the Rho-
induced defective mRNPs.

The TRAMP Components Trfdp and Trf5p Are Both Involved
in the Targeting of Rho-induced Aberrant mRNPs—The
TRAMP complex is an essential cofactor that was shown to
stimulate the targeting and degradation of a large variety of
RNA substrates by the nuclear exosome. Moreover, in vitro
experiments have shown that the TRAMP complex can stimu-
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FIGURE 5. Mutual stabilization of Rrp6p and Rrp47p proteins in vivo. A,
Western blot analyses of whole protein extracts isolated from wild-type,
rrp47A, mpp6A, and rrp6A cells grown under Rho-repressing or Rho-inducing
conditions. The extracts were analyzed as described in Fig. 1C, and the detec-
tions were performed with the indicated specific polyclonal antibodies. B,
quantification by RT-PCR of steady-state levels of RRP47 and RRP6 mRNAs in
wild-type, rrp47A, and rrp6A cells grown under Rho-repressing or Rho-induc-
ing conditions. Reverse transcriptions were carried out with specific primers
for the mRNAs and a primer for 18 S rRNA. Then, 20 cycles of PCR were per-
formed using sets of primers. As loading control, 20 cycles of PCR were per-
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late the exonuclease activity of Rrp6p independently from the
exosome (40). The two paralogous non-canonical poly(A) poly-
merases Trfdp and Trf5p are alternative subunits of the
TRAMP complex, and simultaneous loss of the two proteins is
lethal in S. cerevisiae. However, it has been suggested that the
two components may not substitute for each other in a single
TRAMP complex but, rather, that they are part of alternative
complexes (TRAMP4 and TRAMP5) having distinct functional
implications (2426, 41, 42). To investigate the possible role of
the TRAMP complex in the elimination of Rho-induced aber-
rant mRNPs, we constructed single deletion mutant strains of
the TRF4 and TRF5 genes and tested their sensitivity to Rho
action. As shown in Fig. 64, the deletion of the TRF4 gene
mitigates the growth inhibition induced by Rho expression,
whereas the deletion of TRF5 did not show any relief of the
growth defect. We next analyzed the steady-state level of the
model transcript PMA1. The RT-PCR quantifications shown in
Fig. 6B revealed that, under Rho expression conditions, a large
part of the transcript is recovered in the trf4A strain (a ratio of
0.9 as compared with 0.3 in the wild-type strain), whereas only
amoderate fraction is rescued in the case of the t7f5A mutant (a
ratio of 0.5 as compared with 0.3 in the wild-type strain). These
results are consistent with the growth tests because the sub-
stantial rescue in the absence of Trf4p is sufficient to mitigate
the growth defect, whereas the minor transcript recovery
observed in the absence of Trf5p is not sufficient to improve the
relative growth. The possibility of an indirect effect through
differential depletion of Rrp6p, as in the case of the rrp47A
strain, was excluded by Western blot analyses (Fig. 6C).
Together, these data suggest that the two TRAMP components
Trf4p and Trf5p are involved in the surveillance process that
confers the Rho-mediated phenotype. However, the fact that
the absence of either component allows the restoration of only
a fraction of the model transcript and does not confer a full
growth recovery raises the possibility that they may intervene
within distinct TRAMP complexes. Thus, a full recovery should
require the removal of both components. We tested this
hypothesis by applying a metabolic depletion approach in
which a double mutant strain rf4A trf5A was complemented by
Trfdp or Trf5p expressed under a Gall promoter from a plas-
mid (42). However, despite many attempts, the growth results
in glucose versus galactose did not provide clear conclusions,
probably because of the leakiness of the expression system.
Strains carrying Myc-tagged versions of Trf4p or Trf5p were
constructed to assess the potential cotranscriptional recruit-
ment of the two TRAMP components following Rho action.
The ChIP analyses presented in Fig. 6D show clearly that Rho
action triggers a large recruitment of both proteins to the
PMAI gene. This Rho-induced enrichment did not result from
an increase in the cellular level of the two proteins, as verified by
Western blot (Fig. 6E). We reasoned that if the two components
are functionally redundant and, thus, can replace each other
within a unique TRAMP complex, a depletion of one compo-

formed on the same cDNA using a set of primers for 18 S rRNA. The histogram
shows the relative levels of the mRNAs as determined by quantitative RT-PCR.
C, comparative analysis of the levels of Rrp6p and Rrp47p in wild-type and
rrp6-Y361A strains. The protein extracts were analyzed as in A.

JOURNAL OF BIOLOGICAL CHEMISTRY 31823



Cotranscriptional Targeting of Aberrant mRNPs

A
B
wT trf4A trf5A
Rho - + - + - +
1.2 1
_ 1.0 H- Rho
g 08 1 O0+Rho
g 0.6 -
5 04
0.2 -
0.0 -
wTt trf4A trf54
D Trfdp Tri5p  TrfSp in trfdA
2
1.8
s 16
Q 14
£ 12
=1
3 08
= 06
>
0.4
© 02
o0 |
-Rho +Rho -Rho +Rho =Rho +Rho

WT  trfdA  trf5A  rrp6A
Rho - + - + - + - +
O-RrpGp [ErFuEtw s s £
a-Rho = — — -_
a-TfS1p — . e — e — i
E
Trf4p Trfb5p  TrfSpin trf4A
Rho - + - + - 4+

a-Myc ’-—-

wTioto [

FIGURE 6. The removal of Rho-induced aberrant mRNPs requires TRAMP components Trf4p and Trf5p. A, the wild-type strain and single deletion mutants
trf4A and trf5A were transformed with the plasmid expressing Rho. Cells grown selectively under repressing conditions were spotted for growth as described
in Fig. 2A, with the strain rrp6A as control. B, semiquantitative RT-PCR analyses and RT-gPCR measurements to evaluate the level of PMAT mRNA were made as
in Fig. 2C. C, Western blot analysis to evaluate the presence of Rrp6p in the different strains was performed as in Fig. 5A. D, quantification of the fold enrichment
for PMA1 DNA (3’, middle, and 5’ regions) in immunoprecipitates from cells harboring Myc-tagged Trf4p or Trf5p in the wild-type background or Myc-tagged
Trf5p in the trf4A background. Immunoprecipitated samples (output) were normalized to input as in Fig. 2D. E, Western blot analysis to evaluate the level of

Trf4p and Trf5p in the strains analyzed by ChIP.

nent should increase the recruitment level of the other. To
explore this possibility, we generated a trf4A strain harboring
Myc-tagged Trf5p. Comparative ChIP analyses indicated that
Trf5p is recruited to the PMA1I gene at the same level whether
Trfdp is present or not (Fig. 6D). These results led us to con-
clude that Trf4p and Trf5p are both involved in the targeting
and degradation of Rho-induced aberrant mRNPs but, presum-
ably, as part of two different forms of the TRAMP complex that
are recruited cotranscriptionally.

The Removal of Rho-induced Aberrant mRNPs Requires
Air2p but Not Airlp—The TRAMP complex also contains one
of two homologous RNA-binding proteins, Airlp or Air2p,
which are about 50% identical (24, 26, 42, 43). Because most
previous studies have focused only on Air2p as the partner of
Trf4p in the TRAMP complex, it is still unclear whether there is
functional redundancy between Airlp and Air2p. However,
previous genetic screens have found that mpp6A is synthetic
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lethal in combination with airlA but not with air2A, which
suggests that there are presumably functional distinctions
between the two TRAMP components (23). Moreover, a more
recent study on the basis of phenotypic analyses and RNA deep
sequencing revealed differential functions of the two Air pro-
teins in RNA metabolism (43). We have shown previously that
the double deletion mutant airlA air2A is a robust suppressor
of the Rho-induced effects, with a complete relief of the growth
defect and a restoration of the model PMA1 mRNA to a nearly
normal level (Ref. 27 and Fig. 7). Guided by our results on Trf4p
and Trf5p, we wanted to evaluate the specific contributions of
Airlp and Air2p in the removal of Rho-induced aberrant
mRNPs. Single deletion mutant strains were generated, and
their sensitivity to Rho action was tested. Surprisingly, the elim-
ination of Airlp alone (airIA) did not relieve the sensitivity to
Rho action, whereas the elimination of Air2p (air2A) showed a
strong suppressing phenotype similar to the one observed with
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FIGURE 7. The removal of Rho-induced aberrant mRNPs requires TRAMP component Air2p but not Air1p. A, the wild-type strain, single deletion mutants
airTA and air2A, as well as a double mutant, airlAair2A, were transformed with the Rho-expressing plasmid. Strains grown selectively under repressing
conditions were spotted for growth as described in Fig. 2A. B, Northern blot analysis was made as in Fig. 2B. C, semiquantitative RT-PCR analyses and PMA1
mRNA level determinations by RT-qPCR were performed as in Fig. 2C. D, Western blot analysis to evaluate the presence of Rrp6p in the different strains was
performed as in Fig. 5A. E, ChIP analyses of the recruitment of TAP-tagged Air1p or Air2p to the PMAT gene were performed as in Fig. 2D. F, Western blot analysis
to evaluate the level of Air1p and Air2p in the strains analyzed by ChIP. PAP, peroxidase-anti-peroxidase. G, comparison of the recruitment to the PMAT gene
of Myc-tagged Trf4p and Trf5p in wild-type or air2A backgrounds. The ChIP analyses were performed as in Fig. 2D. H, evaluation of Trf4p and Trf5p levels in the
strains analyzed by ChiP.

the double mutant (Fig. 7, A-C). Western blot analyses indi-
cated that the removal of Airlp and/or Air2p did not affect the

findings were substantiated by ChIP analyses using strains har-
boring TAP-tagged versions of Airlp or Air2p. Significant ChIP

cellular accumulation of Rrp6p or the expression of Rho, which
excludes a possible indirect effect (Fig. 7D). Thus, these results
show that, for the removal of Rho-induced aberrant mRNPs,
there are indeed functional distinctions between Airlp and
Air2p because Airlp is not participating in the process. These
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signals over the PMA 1 gene were observed for Air2p under Rho
inducing conditions, whereas only background levels were
repeatedly detected for Airlp (Fig. 7E). The Rho-induced stim-
ulation of ChIP signals for Air2p did not result from an increase
in the cellular level of the protein (Fig. 7F).
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The Absence of Air2p Impedes the Recruitment of Trf4p and
Trf5p—The results described above suggest that Trf4p and
Trf5p are recruited to the Rho-induced aberrant mRNPs as part
of two distinct TRAMP complexes that, presumably, both con-
tain Air2p as a component. This led us to ask the question
whether the lack of Air2p could have any impact on the recruit-
ment of Trfdp and Trf5p. We thus constructed air2A strains
harboring Myc-tagged Trfdp or Trf5p and compared the
recruitment of the two tagged proteins in the absence and pres-
ence of Air2p. The ChIP analyses shown in Fig. 7G revealed that
the Rho-dependent recruitment of Trf4p and Trf5p to the
PMAI gene is reduced by more than 60% in the absence of
Air2p. This reduction did not result from loss of the two pro-
teins in the air2A background (Fig. 7H). These results support
our conclusion that the TRAMP complex formed by Trf5p,
which targets Rho-induced aberrant mRNPs, contains Air2p
instead of Airlp. The results also suggest that the TRAMP com-
plexes containing Air2p and either Trf4p or Trf5p are, presum-
ably, formed prior to their cotranscriptional recruitment.

The Removal of Rho-induced Aberrant mRNPs Does Not
Require Mtrdp Helicase Activity—The ATP-dependent RNA
helicase Mtr4p is the third component forming the TRAMP
complex. The physiological function of Mtr4p in the degrada-
tion of RNA substrates has been correlated with its ability to
hydrolyze ATP and unwind RNA duplexes in vitro. Because the
deletion of the MTR4 gene is lethal in S. cerevisiae, we took
advantage of the mutant mtr4 —20 allele, which was shown to be
functionally inactive because of a mutation in a conserved heli-
case motif of the protein (44). The sensitivity to Rho action of
the mutant strain mtr4—20 was tested in parallel with the iso-
genic wild-type strain. As shown in Fig. 8, the mutation of
Mtr4p did not relieve the growth defect induced by Rho, nor did
it rescue the model PMA1 mRNA. These results most likely
indicate that the ATPase/helicase functions of Mtr4p do not
play an essential role in the ability of the TRAMP complex to
stimulate the removal of Rho-induced aberrant mRNPs. This is
in agreement with previous in vitro findings showing that the
TRAMP complex is able to stimulate the exonuclease activity of
Rrp6p in the absence of ATP or without Mtrdp (40).

DISCUSSION

Recently we implemented an experimental system in which
the activity of the bacterial Rho helicase in the yeast nucleus
impedes the mRNA processing and packaging reactions, thus
producing sufficient amounts of aberrant mRNPs that can
serve as substrates for the surveillance apparatus (27). Using
this system, we have shown that the targeting of these defective
mRNPs is mediated by Rrp6p, which is recruited cotranscrip-
tionally in association with Nrd1p following Rho action (28).

Here we examined the involvement of different cofactors
associated with the nuclear RNA degradation machinery in the
elimination of Rho-induced aberrant mRNPs. To this end, we
focused our analyses on a model transcript (PMA1) that is
highly affected by Rho action, probably because of the presence
of an efficient loading site for the RNA-dependent bacterial
helicase. Our results show clearly that the exonuclease function
of Rrp6p is the main hydrolytic activity responsible for the deg-
radation of malformed mRNPs. Indeed, Dis3p appears to play a
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FIGURE 8. The removal of Rho-induced aberrant mRNPs does not require
helicase activity of the TRAMP component Mtr4p. A, the strain harboring a
mutation in a helicase motif of Mtr4p (mtr4-20) and the corresponding wild-
type isogenic strain (MTR4) were transformed with the plasmid expressing
Rho (pCM189-Rho-NLS). Cells grown selectively under repressing conditions
were spotted for growth as described in Fig. 2A, with the strain rrp6A as a
control. B, semiquantitative RT-PCR analysis and RT-qPCR quantifications of
the level of PMA1T mRNA were done as in Fig. 2C.

rather minor role in the process through its endonuclease activ-
ity because only a very small fraction (about 10%) of the PMA1
transcript was rescued in the endo™ mutant strain. However,
our results do not exclude a more significant participation of
Dis3p in the elimination of other malformed mRNPs not ana-
lyzed here that may be targeted by alternative quality control
pathways. For instance, by monitoring the fate of HSP104
mRNA in cells having an impaired THO complex (mftiA
strain), it has been shown previously that the exonuclease activ-
ity of Dis3p contributes partly to mRNP quality control in this
particular system (8). Moreover, recent transcriptome-wide
analyses revealed the existence of a widespread nuclear surveil-
lance system that constitutively targets most RNAs, including
mRNAs, and in which Rrp6p and Dis3p have both specific and
overlapping roles (45, 46). This basal surveillance activity could
explain the detection of moderate signals in our ChIP experi-
ments indicating the presence of Dis3p and the core exosomal
subunits Rrp4p and Rrp41p along the PMAI gene independ-
ently from Rho action.

The Rrp47p cofactor has been shown to interact with the
N-terminal region of Rrp6p and to promote the catalytic activ-
ity of the exonuclease by facilitating its binding to structural
elements within the RNA targets (22, 38). Previous observa-
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tions in THO mutant strains suggested that the physical inter-
action between Rrp6p and Rrp47p may play an important role
in mRNP quality control. In effect, deletion of the RRP47 gene
was found to somewhat mimic the rrp6A phenotype (12). Alter-
natively, truncation of the N-terminal part of Rrp6p, which
impacts the normal accumulation of Rrp47p, has been shown to
affect the quality control of HSP104 mRNA (8). Our results
elucidate these previous observations by showing a strong
interdependence in the stability of the two protein partners
where the absence of Rrp6p leads to the complete disappear-
ance of Rrp47p, whereas the absence of Rrp47p induces a large
depletion of Rrp6p. The requirement for a mutual stabilization
between Rrp6p and Rrp47p implies that they probably associate
in a complex prior to their cotranscriptional recruitment.

Remarkably, the recent transcriptome-wide analysis on the
basis of RNA-protein cross-linking revealed that Rrp6p is pref-
erentially associated with structured RNA targets that do not
frequently associate with the core exosome (46). The first
important information that can be taken from these findings is
that they probably highlight the key contribution of Rrp47p,
which should tether Rrp6p to the structural motifs within the
RNA targets. In this regard, we expect that the displacement of
RNA processing and packaging factors by Rho action along the
transcript (as in the case of Mftlp, shown in Fig. 1) should favor
the formation of RNA structures and, thus, enhance the teth-
ering of the Rrp6p-Rrp47p complex. The second clue from
these findings relates to the infrequent association of core exo-
some to the Rrp6p-preferred sites. This could be an indication
for exosome-independent function of Rrp6p, which is in agree-
ment with previous biochemical and genetic studies suggesting
that Rrp6p performs some of its essential functions without
physical association with the core exosome (20). The absence of
Rho-stimulated recruitment of Rrp4p and Rrp41p in our ChIP
experiments (Fig. 3C) supports this core-independent func-
tioning of Rrp6p in the targeting of defective mRNPs, at least in
the early steps of the process when the defects are detected
cotranscriptionally.

Our results reveal for the first time an important contribu-
tion to mRNP quality control of the Mpp6p cofactor, which is
also recruited cotranscriptionally in a Rho-dependent manner
and at a similar stimulation level than Rrp6p or Rrp47p. Obvi-
ously, the participation of Mpp6p is essential for the targeting
and elimination of Rho-induced aberrant mRNPs because its
absence completely abolishes the growth defect induced by Rho
and restores the model transcript to a nearly normal level.
Mpp6p is a nuclear RNA-binding protein that was discovered
recently in a screen for synthetic lethal interactions with loss of
Rrp47p, and it has been shown further that the lack of Mpp6p
was also lethal in the absence of Rrp6p. These genetic interac-
tions were corroborated by coimmunoprecipitation experi-
ments showing the presence of the three exosome cofactorsin a
large RNA degradation complex (23). Our results do not pro-
vide direct evidence that Mpp6p is physically associated with
Rrp6p and Rrp47p upon its cotranscriptional recruitment.
Nevertheless, the prominent suppressing effect conferred by
Mpp6p removal strongly suggests that this cofactor is actively
involved in a common functional pathway with Rrp6p and
Rrp47p. Thus, possible roles for Mpp6p in mRNP quality con-
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trol could be to participate with Rrp47p in securing the
recruited complex tethered to the aberrant transcript or to
directly stimulate the catalytic activity of Rrp6p. Given that
Mpp6p has been poorly studied since its discovery, it remains to
be investigated further precisely how this new cofactor operates
within the RNA degradation machinery.

Previous studies investigating the role of the TRAMP com-
plex in mRNP quality control using the impaired THO system
have focused on TRAMP4 containing Trf4p and Air2p as com-
ponents with the assumption that the other respective paral-
ogues, Trf5p and Airlp, are functionally redundant (12). Thus,
the most intriguing result in this work is the finding that the
TRAMP complex participates in the targeting and elimination
of Rho-induced aberrant mRNPs as two distinct complexes
containing either Trf4p or Trf5p that both harbor Air2p as the
RNA binding component. The paralogous Airlp component is
clearly not involved in the process (Fig. 7). This interpretation is
made on the basis of several lines of evidence that emerged from
our data. First, the ChIP experiments show robust Rho-depen-
dent recruitment of Trf4p and Trf5p along the PMA 1 gene. The
recruitment is stimulated at a similar level for both compo-
nents, and it does not increase when one component is absent
(Fig. 6D), indicating that the two proteins do not replace each
other. Second, although Trf4p seems to play the major role in
the process because its removal (¢7f4A strain) restores a large
part of the PM A1 transcript, a moderate but significant fraction
of the model transcript is readily recovered when Trf4p is pres-
ent and Trf5p is absent (tf5A strain). Again, this indicates that
Trf4p cannot functionally replace Trf5p because otherwise no
transcript restoration should be observed in a trfSA back-
ground. Third, the deletion of the TRF4 gene does not lead to a
full suppression of the Rho-induced growth defect but only
improves the relative growth as compared with TRF5 deletion.
This is in line with the differential restoration of the PMA1
transcript induced by the absence of either component and,
thus, reflects their respective participation in the targeting and
elimination process. Finally, the participation of the two com-
ponents in two distinct TRAMP complexes is also supported by
the comparative ChIP analyses between wild-type and air2A
cells where the Rho-induced recruitment of both Trf4p and
Trf5p is severely reduced when Air2p is absent (Fig. 7G). In
addition, these results indicate clearly that the two TRAMP
complexes formed by Trfdp or Trf5p are assembled with Air2p
prior to their cotranscriptional recruitment, which is consistent
with the reported critical role of this protein in the assembly of
the TRAMP complex (47). This also confirms the importance
of Air2p, whose absence fully suppresses the Rho-induced
defects (Fig. 7), a phenotype that mimics conditions where the
contributions of Trf4p and Trf5p in the Rho-mediated defect
would be absent because they both require Air2p for this spe-
cific activity. As a reminder, such a double deletion is lethal in
yeast.

In summary, our study provides an integrated view of how
different cofactors of the RNA degradation machinery assist
the exonuclease Rrp6p in the targeting and elimination of aber-
rant mRNPs upon their cotranscriptional recruitment. The
loading of the cofactors during transcript elongation most
likely facilitates a rapid degradation of the malformed mRNP as
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soon as the RNA 3’ end becomes available upon transcription
completion. The results are consistent with previous reports
showing that Rrp6p can carry out hydrolytic activities in the
absence of the core exosome scaffold and that these activities
are specifically stimulated by the TRAMP complex (20, 40). The
implication of two distinct TRAMP complexes is also sup-
ported by a previous large-scale analysis using DNA microar-
rays that suggested that TRAMP4 and TRAMP5 have distinct
RNA selectivities with functional implications in RNA surveil-
lance (42). The precise mechanism by which the TRAMP com-
plexes stimulate Rrp6p activity is so far unknown and will
require further work to be elucidated.
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